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The physical or chemical properties of such microparticles should be significantly dependent on their size, because the specific surface or interfacial area is drastically increased in smaller particles. Therefore, the analysis of the interfacial property of an individual particle is important to characterize the function of microparticles. This is the reason why a lot of techniques to investigate a single microparticle have been developed. [2] [3] [4] [5] [6] [7] The migration analyses 8 can satisfy this requirement, since the microparticle can be caused to migrate by an extremely weak driving force. For example, only 10 -14 N is enough to move a particle of 1 μm radius at the velocity of 1 μm s -1 , which can be observed by a conventional optical microscope. Furthermore, in a liquid medium whose viscosity is about 10 -3 Pa s, an external force working on a particle immediately balances with the drag force within less than 1 μs. 9 Hence, the measurement of the migration velocity of microparticle is equivalent to that of the driving force. Generally, the driving force is affected by one or more properties of a particle, which is characteristically responsive to an external field gradient. Therefore, the properties can be determined from the analysis of the migration velocity. For example, the electric charge or the ζ-potential of a particle is effective in electrophoresis, the refractive index or the extinction coefficient is effective in photophoresis, 10 and the dielectric constant or the conductivity is effective in dielectrophoresis. 11 Recently, we have invented an innovative technique, magnetophoretic velocimetry, which allowed us to measure the magnetic susceptibility of a single microparticle from the measurement of the migration velocity under a gradient of magnetic field. 12 The magnetic susceptibility is a very important property in chemistry, since it includes the information of the electronic states and the spin states of the molecules composing the particle. We have demonstrated that the interfacial magnetic susceptibility of a single microparticle could be detected by investigating the size dependence of the magnetophoretic velocity. 13 In the previous study, the magnetophoresis of an organic microdroplet adsorbed by dysprosium(III) laurate was demonstrated. In the present study, we have further investigated the dependence on the chain length of n-alkylcarboxylic acid, which was used as a ligand for complexation with Dy(III). The effects of Dy(III) concentration and pH on the interfacial concentration of Dy(III) were also examined by the magnetophoretic velocimetry, in order to analyze the complexation equilibria at the 2-fluorotoluene-water interface of the micro-droplets.
Experimental

Chemicals
The aqueous phase contained dysprosium(III) of 10 -5 -10 -3 M, where the pH was adjusted from 4 to 7 and the ionic strength was 0.3 M. The stock solution of Dy(III) solution was prepared by dissolving a weighed amount of dysprosium oxide in 1 M sulfuric acid. The stock solution was diluted to the proper concentration of Dy(III) by water. The ionic strength was adjusted with sodium sulfate. Sodium hydroxide and 2-(Nmorpholino)ethanesulfonic acid (MES) were used to adjust the pH values of solutions. The organic phase, i.e., the droplet, was 2-fluorotoluene dissolving an n-alkylcarboxylic acid (CnH2n+1COOH). Capric acid (C9, n = 9), lauric acid (C11, n = 11), or stearic acid (C17, n = 17) was used, initially dissolved in the organic phase. The concentration of carboxylic acid was 0.010 M in all cases.
A 10-μL portion of the organic solution was added to a 3-mL portion of Dy(III) aqueous solution, which was saturated by 2-fluorotoluene prior to use to establish mutual dissolution, in a 5-mL vial. The mixture was vigorously shaken, and then was sonicated for 1 min so that the organic solution dispersed as micrometer sized droplets in the aqueous solution. Furthermore, the mixture was left for 10 min to attain the equilibrium condition. The distribution behavior of lauric acid in 2-fluorotoluene/water system was observed in order to determine the distribution constant. The mixture of 10 mL of the lauric acid organic solution and the same volume of aqueous solution without Dy(III) was shaken for 1 h. And then, the concentration of lauric acid in aqueous phase was determined by pnitrophenacyl ester colorimetry. 14 Water was purified by a Milli-Q system and the other regents were used as received.
Magnetophoretic velocimetry
The experimental setup for the observation of magnetophoretic velocity was described previously. 13 The magnetic field of 10 T was generated by a cryogen-free superconducting magnet (JMTD-10T100HH1, Jastec, Japan). The microscope and the capillary cell had to be equipped in the borehole of the magnet, which had a diameter of 100 mm. A square fused silica capillary (WWP100375, Polymicro Technologies, AZ), which had a 100 × 100 μm i.d. and 300 × 300 μm o.d., was used as a magnetophoretic cell. The cell was put between a pair of iron pole pieces (5 × 10 × 1 mm) which generated the gradient of magnetic field. The gap between the pole pieces was 300 μm. The microscope image was captured into a personal computer via a charge coupled device camera (ME421, ELMO, Japan), and then the magnetophoretic velocities of droplets were measured by image analytical software (Image J, National Institute of Health).
All measurements were carried out in a thermostated room at 25 ± 1˚C
Results and Discussion
Magnetophoretic behavior of the organic droplet adsorbed by a paramagnetic species
The magnetophoretic velocity of a particle in a liquid medium, νm, can be expressed as follows: 12
where χp and χm are the volume magnetic susceptibilities of the particle and the medium, respectively, μ0 the vacuum magnetic permeability, η the viscosity of the medium, r the radius of the particle, and B the magnetic flux density. The subscript x means the x-component. The direction of the migration along the capillary and the edge of the pole pieces was defined as the x axis and x = 0. As indicated in Eq. (1), the magnetophoretic velocity is proportional to the difference of the magnetic susceptibilities between the particle and the medium, the radius of the particle and the product of the magnetic flux density and its gradient. Rearranging Eq. (1), one can express the magnetic susceptibility of each particle as follows:
Hence, the magnetic susceptibility can be calculated from the
experimentally observed magnetophoretic velocity and the radius.
In the previous paper, we demonstrated that the total magnetic susceptibility of the droplet increased with the decrease of the size of the droplet because of the increase of the specific interfacial area of the droplet in the case that paramagnetic species adsorbed on a droplet. 13 Using the molar magnetic susceptibility of adsorbing species, χ A M (dm 3 mol -1 ), and its interfacial concentration (mol cm -2 ), one can write Γ, the magnetic susceptibility of the droplet as;
where χB is the volume magnetic susceptibility of the bulk of the droplet. Therefore, the total magnetic susceptibility is reciprocally proportional to the radius of the droplet, when the interfacial adsorption has a significant role. Assuming χ A M = 10 -4 dm 3 mol -1 , Γ = 10 -10 mol cm -2 and r = 1 μm as typical values, the first term of Eq. (3), which is the contribution of the interfacial paramagnetic species on the total magnetic susceptibility, is estimated to be 3 × 10 -7 . This value is large enough to be detected by magnetophoretic velocimetry.
Magnetophoretic behavior of a single micro-droplet containing n-alkyl carboxylic acid and dispersed in dysprosium(III) aqueous solution
Figure 1(A) shows typical magnetophoretic behaviors of two micro-droplets with different diameters dispersed in Dy(III) aqueous solution. The organic droplet contained 0.010 M of capric acid (C9). It was confirmed that the medium did not flow and that the particle was moved only by magnetic force. The magnetophoretic velocity of the droplets increased when they approached the edges of the pole pieces.
The magnetophoretic velocities were plotted against the time in Fig.  1(B) for the two droplets in Fig. 1(A) . The change of the velocity could be attributed to that of B(dB/dx). From the slope of the plots of x against time, shown in Fig. 1(C) , in the range of x = -5 and 5 μm, where B(dB/dx) had been observed to be 4.0 × 10 4 T 2 m -1 , 15 the magnetophoretic velocity at x = 0 was obtained. The magnetophoretic velocity obviously depended on the size of the droplet, i.e., it was faster in a larger droplet.
Dependence of the chain length of n-alkylcarboxylic acid on the magnetophoretic velocity of a droplet
We used capric acid (C9), lauric acid (C11) and stearic acid (C17) as ligands coordinating with Dy(III), in order to examine the dependence of the chain length on the magnetophoretic velocity of the droplet. Figure 2 shows the magnetophoretic velocities of droplets at x = 0 plotted against their radii. The initial concentration of Dy(III) in aqueous phase was 5.0 × 10 -4 M, and the pH was 6.5, while the concentration of carboxylic acid was 0.010 M. The magnetophoretic velocity quadratically depended on the radius in each case. The longer the alkyl chain was, the larger the velocity was. This result indicated that the magnetic susceptibility increased with the chain length. Such results suggested that Dy(III) was adsorbed on the organic droplet, because it was confirmed by Arsenazo III colorimetry that Dy(III) was not extracted into the organic phase. The lines in Fig. 2 were obtained by fitting each plot with νx = αr 2 , where α is a constant. For the smaller droplet (r < 2 μm), some differences between the lines and the plots were observed in the presence of both the surfactant and dysprosium. This indicates that the interfacial magnetic susceptibility could not be neglected in the total magnetic susceptibility of a droplet. Equation (2) allowed us to calculate the magnetic susceptibility of the individual droplet from the magnetophoretic velocity. In Fig. 3 , the magnetic susceptibility was plotted against the reciprocal radius so as to explicitly examine the relation of Eq. (3). In each case, the magnetic susceptibility was proportional to r -1 and the slope increased with the chain length. The slope of the line in Fig. 3 should be equal to the coefficient of 3χ M Dy Γ in Eq. (3). Accordingly, the interfacial concentration, Γ, under the present conditions could be calculated as indicated in Table 1 . The value of Γ increased with the chain length. We expect that the hydrophobicity of alkyl carboxylic acid is related to this tendency. The hydrophobicity increases with the increase of the chain length. The distribution constants of the three carboxylic acids, Kd, which are calculated for 1-octanol/water system, are shown in Table 1 . 16 The log Kd value of lauric acid in 2-fluorotoluene/water system was determined to be 5.7 from the observation of distribution behavior. The distribution constants of the other carboxylic acids have not been determined, but the difference between the log Kd values is thought to be proportional to the difference between those in 2-fluorotoluene/water system. 17 The correlation between the distribution constant and the interfacial adsorption constant of ligands and metal-complexes was also reported. 18 Hence, it is predicted that the carboxylic acids with shorter chains and their complexes are less adsorbable at the liquid-liquid interface of the droplet than those with longer chain.
Adsorption equilibrium of Dy(III) laurate
We observed the magnetophoretic behaviors of 2-fluorotoluene droplets containing lauric acid of 0.010 M, varying the initial Dy(III) concentration from 1.0 × 10 -5 to 1.0 × 10 -3 M in order to investigate the adsorption equilibrium of Dy(III) laurate. The pH of the aqueous phase was fixed to 6.5 in these experiments. The interfacial concentration of Dy(III) was calculated from the slope of the χp vs. r -1 plot. To determine the concentrations of lauric acid and Dy(III) in the organic phase, in the aqueous phase and at the interface, we assumed the distribution, complexation and adsorption equilibria as shown in Scheme 1. Lauric acid (HL) in the organic droplet is distributing into the aqueous phase, dissociating in the aqueous phase depending on pH and forming a 1:1 complex (DyL 2+ ) with Dy(III) in the aqueous phase and at the interface. The influence of interfacial adsorption of HL and L -on the total amount of HL could be neglected by taking into account the total interfacial area. The concentration of DyL 2+ in the aqueous phase, [DyL 2+ ], was calculated using the experimentally determined interfacial concentration of Dy(III), ΓDy. Taking into account the equilibrium mechanism shown in Scheme 1, one can express the mass balance of lauric acid as follows:
where CHL is the initial concentration of lauric acid in organic phase, and V and Vo are the volume of the aqueous phase and the organic phase, respectively. By using several equilibrium constants, one can rewrite Eq. (4) as follows:
where CDy is the initial concentration of Dy(III), A the total interfacial area (22 cm 2 ), β1 the stability constant of DyL 2+ (870 M -1 ), 19 and Ka the acid dissociation constant of lauric acid ( Fig. 4 . The fitted curve was obtained by the leastsquare method with a Langmuir adsorption isotherm which is expressed as:
where a and K′ are the saturated interfacial concentration and the interfacial adsorption constant at infinite dilution, respectively. The Langmuir isotherm of Eq. (6) was in good agreement with the experimental data, and the values of a and K′ were determined to be 4.8 × 10 -10 mol cm -2 and 3.4 × 10 -2 dm, respectively. The value of a seems reasonable if one takes into account the interfacial saturated concentration of lauric acid at the air-water interface (6.6 × 10 -10 mol cm -2 ). 20 Finally, we investigated the dependence of the interfacial concentration of dysprosium laurate, ΓDy, on pH.
The magnetophoretic velocity was measured with changing pH from 4 to 7. Figure 5 shows the plot of ΓDy vs. pH. The curve in Fig.  5 indicates the calculated value based on the mechanism illustrated in Scheme 1 and using a and K′ obtained from Langmuir isotherm shown in Fig. 4 by solving the following quadratic equation with varying pH:
which is based on Eq. (4). The calculated curve could reproduce the tendency of the experimental results. The difference at pH 7 was perhaps due to the neglect of Dy(OH) 2+ or DyL2 + in the calculation. Hence, the assumed adsorption mechanism was reasonable in the region where pH < 7. It was demonstrated for the first time that the interfacial complexation equilibria could be analyzed by the magnetophoretic velocitmetry.
Conclusion
The interfacial adsorption of dysprosium(III) alkylcarboxylate on the 2-fluorotoluene droplet dispersed in the aqueous phase was measured by magnetophoretic velocimetry.
The dependences of the chain length of n-alkylcarboxylic acid, the concentration of dysprosium(III) in the aqueous phase and pH on the interfacial adsorption were investigated, and it was confirmed that the interfacial complexation mechanism could be studied by the magnetophoretic velocimetry. This method is very unique among many liquid-liquid interfacial measurement techniques at the points that the magnetic susceptibility of the interface can be measured and that the amount of the paramagnetic metal ion adsorbing on a single droplet can be determined absolutely.
